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ABSTRACT 

v 

The  Applied  Physics  Laboratory  began  in-flight  solar  cell  degra¬ 
dation  studies  with  the  launching  of  the  1961 -ol  satellite  on  June  29,  1961. 
Similar  experiments  were  flown  on  the  1961-atjl  and  1961  -Of  17 2  satellites. 
Data  obtained  from  these  satellites  cover  a  time  period  both  before  and 
after  Operation  Starfish  on  July  9,  1962.  Subsequently,  the  Applied  Phy¬ 
sics  Laboratory  has  flown  solar-cell  and  electronic -component  experiments 
on  satellites  1962-077,  ANNA  I-B,  1963-38C  and  1964-83C.  The  data  indi¬ 
cate  that  the  damage  to  solar  cells  in  a  1000 -km  orbit  during  the  early 
months  after  Operation  Starfish  may  not  have  been  mostly  a  result  of 
fission  spectrum  electrons.  Although  many  energetic  electrons  were  intro¬ 
duced  into  the  inner  belt,  it  is  indicated  that  some  high  energy  (>4.  5  mev) 
protons  were  redistributed  to  altitudes  including  1000  km.  The  results  of 
flight  experiments  indicate  that  optimum  power -to -weight -ratio  solar 
arrays  will  be  obtained  by  the  use  of  N-on-P  solar  cells  with  6-mil  glass 
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I.  DESCRIPTION  OF  EXPERIMENTS 

Table  I  lists  all  satellites  on  which  Applied  Physics  Laboratory 
solar  cell  and  transistor  experiments  have  been  flown  until  August  1965. 
Launch  dates,  orbital  parameters,  the  status  as  of  August  1965,  and  basic 
circuit  descriptions  are  included  in  the  table.  An  experimental  panel  con¬ 
sisting  of  20  series -connected  P-on-N,  lxl  cm,  solar  cells  was  flown 
on  1961-ol.  A  similar  panel  consisting  of  20  series -connected  1x2  cm 
"blue  sensitive"  P-on-N  solar  cells  was  flown  on  1961-tt?;l.  Four 
separate  solar  panels  were  flown  on  the  1961-ar;2  satellite.  Each  of  these 
panels  consisted  of  two  series -connected  1x2  cm  P-on-N  solar  cells. 

The  solar  cells  in  each  of  the  experiments  described  above  were  loaded 
at  approximately  0.  2  volt  per  cell,  thereby  providing  a  voltage  measure¬ 
ment  essentially  proportional  to  short-circuit  current.  Six-mil -thick 
cover  glasses  with  blue  reflecting  filters  and  antireflecting  coatings  were 
attached  to  the  solar  cells.  Furane  15  -E  adhesive  was  used  to  attach 
cover  slides  for  the  1961-ol  and  1961-Ottj2  experiments  while  Spectrolab 
ES-10  adhesive  was  employed  for  the  136 1  -Ottyl  cover  slides. 

The  remainder  of  the  Applied  Physics  Laboratory's  degradation 
experiments  are  outlined  in  Tables  II  through  V.  Two  by  two  mm  solar 
cells  were  employed  on  satellite  1962-jJx  solar  cell  experiments  while  all 
other  experimental  solar  cells  were  1x2  cm.  In  each  experiment  the 
short-circuit  current  was  monitored.  Furane  15 -E  adhesive  was  used  to 
attach  cover  slides  on  the  1962  and  ANNA  experiments  with  exception 
of  ANNA  experiment  number  6  which  employed  the  Telstar  cover  slide 
attachment  technique  (see  Ref.  1).  RTV-602  was  used  to  attach  most  of 
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Table  II 

1962 -0x  Degradation  Experiments 


EXPERIMENT 

DEVICE 

SHIELDING  ] 

TYPE 

GRAMS/CM2 

1 

P-ON-N  SOLAR  CELLS  (4) 

6  MIL  GLASS 

0.037 

2 

N-ON-P  SOLAR  CELLS  (4) 

6  MIL  GLASS 

0.037 

3 

P-ON-N  SOLAR  CELLS  V) 

60  MIL  QUARTZ 

0.336 

4 

N-ON-P  SOLAR  CELLS  (4) 

60  MIL  QUARTZ 

0.336 

5 

2N327A  TRANSISTOR 

x  BARE 

6 

2N327A  TRANSISTOR 

ALUMINUM 

0.4 

7 

2N327A  TRANSISTOR 

ALUMINUM 

0.8 

Table  in 

ANNA  I-B  Degradation  Experiments 


EXPERIMENT 

DEVICE 

SHIELDING  f 

TYPE 

GRAMS/CM2 

1 

P-ON-N  SOLAR  CELLS  (2) 

6  MIL  GLASS 

0.037 

2 

N-ON-P  SOLAR  CELL  (1) 
(AZIMUTH  DETECTOR) 

6  MIL  GLASS 

0.037 

3 

N-ON-  P  PRE-IRRADIATED 
SOLAR  CELLS  (2) 

6  MIL  GLASS 

0.037 

4 

P-ON-N  SOLAR  CELLS  (2) 

20  MfL  QUARTZ 

0.112 

5 

P-ON-N  SOLAR  CELLS  (2) 

30  MIL  SAPPHIRE 

0.302 

6 

N-ON-P  SOLAR  CELLS  (2) 

3D  MIL  SAPPHIRE 

0.302 

7 

GALLIUM  ARSENIDE 
SOLAR  CELL  (1) 

6  MIL  GLASS 

0.037 

8 

-2N327A  TRANSISTOR 

10  MIL  KOVAR 

0.203 

9 

2N327A  TRANSISTOR 

10  MIL  KOVAR  4 

57  MIL  ALUMINUM 

0.609 

10 

2N327A  TRANSISTOR 

10  MIL  KOVAR  + 

250  MIL  ALUMINUM 

1.960 
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Table  IV 

1963 -38C  Degradation  Experiments 


EXPERIMENT 

DEVICE 

SHIELDING 

TYPE 

GRAMS/CM2 

1 

N-ON-P  SOLAR  CELLS  (4) 

NONE 

2 

N-ON-P  SOLAR  CELLS  (4) 

1-MIL  QUARTZ 

0.006 

3 

N-ON-P  SOLAR  CELLS  (4) 

3-MIL  QUARTZ 

0.017 

4 

N-ON-P  SOLAR  CELLS  (4) 

6-MIL  GLASS 

0.037 

5 

N-ON-P  SOLAR  CELLS  (4) 

20-MIL  QUARTZ 

0.112 

6 

N-ON-P  SOLAR  CELLS  (4) 

30-MIL  SAPPHIRE 

0.302 

7 

N-ON-P  SOLAR  CELL  (1) 

125-MIL  QUARTZ 

0.700 

8 

P-ON-N  SOLAR  CELLS  (4) 

6-MIL  GLASS 

0.037 

9 

TRANSISTORS  2N1711  (4) 

EPOGLASS  COATED 
HONEYCOMB 

0.280 

10 

TRANSISTORS  2N1711  (2) 
(CASES  PUNCTURED) 

EPOCLASS  COATED 
HONEYCOMB 

0.280 

+I0.7V 


CIRCUIT  FOR  TRANSISTOR 
BETA  EXPERIMENTS 
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Table  V 

1964-83C  Degradation  Experiments 


EXPERIMENT 

DEVICE 

1  (BETA) 

2N2222  TRANSISTORS  (2) 

2  (BETA) 

2N2586  TRANSISTORS  (2) 

3  (BETA) 

2N2222  TRANSISTOR  (1) 

4  (BETA) 

2N2586  TRANSISTOR  (1) 

5  (BETA) 

2N2222  TRANSISTOR  (1) 

6  (BETA) 

2N2586  TRANSISTOR  (1) 

7  (BETA) 

2N2907-A  TRANSISTORS  (2) 

8  (BETA) 

2N2907-A  TRANSISTOR  (1) 

9  (BETA) 

2N2907-A  TRANSISTOR  (1) 

10  (LEAKAGE) 

2N2222  TRANSISTORS  (2) 

11  (LEAKAGE) 

2N2586  TRANSISTORS  (2) 

12  (LEAKAGE) 

2N2907-A  TRANSISTORS  (2) 

13  (LEAKAGE) 

2N2222  TRANSISTOR  (1) 

14  (LEAKAGE) 

2N2586  TRANSISTOR  (1) 

15  (LEAKAGE) 

2N2907-A  TRANSISTOR  (1) 

16  (LEAKAGE) 

2N2222  TRANSISTOR  (1) 

17  (LEAKAGE) 

2N2586  TRANSISTOR  (1) 

18  (LEAKAGE) 

2N2907-A  TRANSISTOR  (1) 

19  (LEAKAGE) 

100  20  wv,  150D 

CAPACITORS  (2) 

20  (SHORT) 

39  wf,  10  wv,  350D 

CAPACITOR  V=ll  VOLTS 

21  (SHORT' 

39  vf,  10  wv,  350D 

CAPACITOR  V=12  VOLTS 

22  (SHORT) 

39  <if,  10  wv,  350 D 

CAPACITOR  V=14  VOLTS 

23  (SHORT) 

39  ut,  10  wv,  350D 

CAPACITOR  V=16  VOLTS 

SHIELDING 


NONE 

NONE 

0.1  "Al 

0.1"AI 

0.3"AI 

0.3"AI 

NONE 

0.1hAI 

0.3''Al 

NONE 

NONE 

NONE 

0.1"AI 

0.1"AI 

O.T'AI 

0.3"AI 

0.3‘'Al 

0.3"AI 

NONE 


GRAMS/CM2 


0.685 

0.685 

2.057 

2.057 

0.685 

2.057 


0.685 

0.685 

0.685 

2.057 

2.057 

2.057 


note:  SOLAR  CELL  EXPERIMENTS  WERE  SIMILAR  TO  THOSE  ON  I  963-38C. 
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the  cover  slides  for  the  satellites  1963 -38C  and  1964-83C.  For  those 
satellites  the  125  mil  quartz  shielding  was  mounted  just  above  the  solar 
cell  with  no  adhesive  in  between. 

The  transistor  experiments  on  1962  -£x  and  ANNA  were  mounted 
on  the  solar  cell  test  panels.  A  basic  diagram  for  these  experiments  is 
given  as  part  of  Table  I.  The  test  transistors  on  1963-38C  satellite  were 
placed  inside  the  satellite's  outer  skin  and  directly  behind  an  aluminum 
support  brace.  There  was  no  other  shielding  except  for  the  case  of  the 
transistors.  The  circuit  diagram  for  the  400 -cps  beta  (gain)  experiment 
is  shown  on  Table  IV.  All  of  the  electronic  component  experiments  on 
the  2963-83C  satellite  had  the  shielding  listed  in  Table  V  in  addition  to 
transistor  cases.  Components  shielded  by  0.  3  inch  aluminum  are  refer¬ 
ence  standards.  The  circuit  diagram  for  the  400-cycle  beta  experiments 
is  basically  the  same  as  that  for  the  1963 -38C  satellite  transistor  experi¬ 
ment.  All  beta  measurements  were  made  with  0.5  ma  bias  currents  and 
were  therefore  not  "worse -case"  measurements.  Transistors  that  are 
irradiate J  while  they  are  biased  "off"  experience  channeling  damage. 

This  type  of  degradation  does  not  occur  when  the  transistors  are  con¬ 
ducting. 
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II.  RESULTS  OF  SATELLITE  EXPERIMENTS 

Meaningful  data  were  not  obtained  from  several  experiments 
owing  to  various  problems;  only  pertinent  data  are  presented  below.  The 
telemetry  system  used  in  APL  satellites  gives  accuracies  better  than  ±1 
percent.  Data  were  read  when  the  solar  cell  experiments  were  near  nor¬ 
mal  incidence  to  the  sun  and  were  corrected  by  dividing  by  the  cosine  of 
the  angle  of  incidence.  All  such  data  were  then  normal: zed  for  sun  intensity 
at  the  mean  solar  distance,  i.  e.  140  mv/cm  .  Next,  these  data  were 
plotted  as  a  function  of  measured  temperature  for  several  consecutive 
passes.  The  intersection  of  the  straight  line  fit  of  these  data  points  with 
the  50?F  temperature  line  was  considered  to  be  the  fully  corrected  output 
of  the  cell.  Temperature  measurements  were  not  made  on  the  1961-ol, 

196 1  -Of77l,  and  196 l-CtT)2  panels.  However,  since  all  readings  were  at 
nearly  the  same  angle  of  incidence,  temperature  variations  for  these 
satellites  were  assumed  to  contribute  less  than  two  percent  error. 

Results  of  experiments  on  satellites  1961-OfTjl  and  1961~aTj2  are 
presented  in  Fig.  1.  The  satellite  1962  -0x  experimental  results  are  shown 
in  Fig.  2.  Figure  3  is  a  presentation  of  the  ANNA  I-B  solar  cell  data.  A 
decrease  in  the  slope  of  curves  D  and  E  indicates  that  during  the  period 
January  through  May  1963  the  radiation  intensity  in  the  Van  Allen  belts 
had  decreased  slightly.  Results  of  the  1963-38C  solar  cell  experiments 
are  given  in  Fig.  4. 

Figure  5  gives  a  comparison  of  results  of  similar  experiments  on 
the  ANNA  I-B  and  1963 -38C  satellites.  Rapid  initial  degradation  was  noted 


Fig.  2  Results  of  Solar  Cell  Experiments  on  Satellite  1962 Launched  26  Oct 
Orbit:  Perigee  220  km.  Apogee  6335  km.  Inclination  71.4° 


Results  of  Solar  Cell  Experiments  on  Satellite  1963-38C  Launched  28  Sept 
Orbit:  Apogee  1120  km.  Perigee  1070  km.  Inclination  89.0° 


Comparison  of  ANNA  I-B  and  Satellite  1963-38C  Solar  Cell.  Experiment  Data 
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on  the  ANNA  experiments;  however,  five  days  passed  before  the  first 
noticeable  degradation  occurred  on  the  1963-38C  experiments.  This  in¬ 
dicates  a  significant  decrease  in  radiation  belt  intensity  which  occurred 
prior  to  launch  of  the  1963 -38C  satellite  in  September  1963. 

The  ANNA  transistor  experiments  (circuit  C,  Table  I)  were  de¬ 
vised  on  the  premise  that  bulk  damage  v/ould  be  predominant.  Because 
the  output  is  a  function  of  collector  to  base  leakage  as  well  as  gain,  tele¬ 
metered  data  from  these  experiments  would  not  be  an  accurate  measure 
of  either.  Hogrefe  (Ref.  2)  concluded  that  since  an  initial  increase  in  out¬ 
put  was  followed  by  a  decrease  in  output,  a  substantial  increase  in  leakage 
did  occur. 

Data  received  from  the  satellite  1963 -38C  transistor  experiments 
were  corrected  for  variations  in  temperature  by  normalizing  to  90 °F  and 
for  variations  in  power  supply  voltage  by  normalizing  to  +10.  7  volts. 

Curve  A  of  Fig.  6  is  a  plot  of  beta  as  a  function  of  time  for  one  of  the 
transistors  with  a  punctured  case.  Curve  B  is  a  p'.ot  of  the  time  varia¬ 
tion  of  the  average  beta  of  four  unaltered  transistors.  The  gain -bandwidth 
product  of  these  transistors  was  60  me  before  flight.  Ionization  of  gases 
in  the  case  of  the  unaltered  transistors  has  caused  surface  damage  which, 
coupled  with  bulk  damage,  has  resulted  in  rapid  degradation  of  these  com¬ 
ponents.  The  single  gasless  transistor  appears  to  be  less  affected  by 
surface  damage.  A  decrease  in  the  rate  of  degradation  of  both  types  of 
transistor  is  noted  to  coincide  with  the  decrease  in  solar  cell  degradation. 

Data  received  from  the  electronic  component  tests  on  1964-83C 
indicates  no  capacitor  degradation  had  occurred  at  the  time  (August  1965). 
Transistor  data  were  corrected  as  follows:  The  transistors  shielded  by 
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0.  3  inch  of  aluminum,  one  of  each  type,  are  controlled  and  are  considered 
to  be  undegraded  by  radiation.  The  telemetered  gain  of  each  control 
transistor  is  normalized  to  its  preflight  value  for  each  set  of  readings. 

The  appropriate  normalizing  factor  is  then  used  to  correct  the  test  tran¬ 
sistors  for  temperature  and  line  voltage  variations.  Thus  far,  base  -to  - 
collector  leakage  has  been  found  to  be  less  than  one  nanoampere  above  pre- 
flight  values.  The  beta  experiments  presented  in  Fig.  7  show  that  both  the 
shielded  and  unshielded  2N2907-A-PNP  bandguard  transistors  degraded 
approximately  one  percent  in  250  days,  while  the  unshielded  NPN  tran¬ 
sistors  degraded  approximately  27  percent  in  the  same  period.  Preflight 
gain  bandwidth  products  are  as  follows:  2N2222,  200  me;  2N2586,  45  me; 
2N2907-A,  200  me. 
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III.  ANALYSIS  OF  RESULTS 

Figure  1  shows  that  during  the  236-day  period  prior  to  Operation 
Starfish,  the  1961 -arjl  solar  cells  degraded  by  16  percent  and  the  1961- 
0:772  solar  cells  degraded  by  18  percent.  In  a  20 -day  period  immediately 
following  the  high-altitude  nuclear  test,  the  1961  -ofT?  1  solar  cells  were  de¬ 
graded  by  an  additional  22  percent.  The  1961-0772  solar  cells  were  degraded 
by  an  additional  22  percent  in  28  days  after  the  test. 

The  Applied  Physics  Laboratory  conducted  an  investigation  of  the 

degradation  of  "blue -sensitive"  P-on-N  and  10  ohm -cm  N-on-P  solar  cells 

in  a  normal  incident  1  mev  electron  environment  (Ref.  3).  Data  obtained 

from  this  investigation  were  plotted  as  relative  output  of  the  solar  cells  as 

2 

a  function  of  time -integrated  1  mev  flux  in  electrons/cm  .  Rosenzweig 

computed  the  damage  to  N-on-P  and  P-on-N  solar  cells  protected  by  various 

shield  thicknesses  in  a  radiation  environment  consisting  of  an  omnidirectional 
235 

U  fission  electron  flux.  These  results  were  related  to  equivalent 
damage  by  1  mev  normal  incident  electron  flux,  and  were  presented  as 
equivalent  1  mev  electron  flux  as  a  function  of  shield  thickness  for  omi- 
directionsl  fission  electrons  incident  on  the  solar  cells  with  infinite  back 
shielding  (Rsf.  4). 

By  rr  asuring  solar  cell  degradation  in  orbit  and  using  the 
laboratory-determined  degradation  rate  as  a  function  of  1  mev  electron 
flux,  one  can  compute  the  equivalent  1  mev  electron  flux  encountered  by  an 
orbiting  solar  cell.  This  was  done  using  the  experimental  data  from  the 
satellites  1961 -#77!  and  1962-)3Xand  the  results  are  presented  in  Table  VI. 
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Results  from  the  1961-ftfjl  satellite  indicate  that  particle  flux  effective  in 
damaging  solar  cells  protected  by  6 -mil -thick  glass  increased  by  a  factor 
of  217  after  Starfish.  Results  of  the  satellite  1962  -/&  experiments  indicate 
that  during  the  period  from  late  October  through  early  December  1962  the 
P-on-N  cells  protected  by  6 -mil  glass  were  subjected  to  10.  5  times  as 
much  damaging  particle  flux  as  were  cells  protected  by  60 -mil -thick  glass. 

Table  VII  shows  a  comparison  of  the  P-on-N  solar  cell  degrada¬ 
tion  on  *»NNA  I-B  during  the  first  120  days  in  orbit.  The  equivalent  1  mev 
electron  flux  values  were  computed  by  relating  the  in-orbit  degradations 
to  laboratory  data.  Correlation  of  these  values  with  Rosenzweig's  curves 
yielded  the  omnidirectional  integrated  fission  electron  flux.  Had  the 
damaging  particles  been  fission  electrons,  the  fission  electron  flux  would 
have  been  approximately  equal  for  all  three  experiments.  However,  the 
solar  cells  with  6 -mil -thick  glass  had  nearly  seven  times  the  fission  flux 
value  as  compared  to  the  sola.*  cells  with  30 -mil -thick  sapphire. 

Filz  and  Yagoda  (Ref.  5)  measured  an  increase  in  55  mev  protons 
at  altitudes  from  367  to  514  km  after  Starfish  and  after  the  Soviet  test  of 
1962.  After  July  9,  1962  they  observed  an  increase  in  55  mev  protons  by 
a  factor  of  six.  This  was  followed  by  a  decay  to  approximately  a  factor  of 
four  above  the  pre  -Starfish  value  just  prior  to  the  Soviet  tests  when  the 
proton  flux  was  increased  to  a  factor  of  five  over  the  normal  level.  As 
late  as  March  1963  they  measured  55  mev  proton  levels  about  3.  5  times 
the  level  they  were  before  the  high-altitude  nuclear  tests.  It  may  be 
assumed  that  protons  at  other  energy  levels  were  also  added  to  the  radia¬ 
tion  belts  at  these  comparatively  low  altitudes  as  a  result  of  these  tests. 
Protons  with  E  >  4.5  mev  will  penetrate  6 -mil -thick  glass  while  those  with. 
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E  *  9.  3  mev  will  penetrate  20  mils  of  quartz.  Thirty-mil  sapphire  covers 
will  shield  against  protons  with  E  <  14  mev  (Ref.  6).  Therefore,  it  is 
postulated  that  the  high -altitude  nuclear  test  caused  a  significant  increase 
in  the  number  of  protons  (E  >  4.  5  mev)  to  be  redistributed,  at  least  to  an 
altitude  range  between  400  and  1,  200  km. 

Earlier  mention  was  made  that  the  radiation  intensity  decreased 
during  the  period  January  to  May  1963.  This  is  indicated  on  curves  D  and 
E  of  Fig.  3.  By  use  of  curve  E,  P-on-N  solar  cells  with  6 -mil  cover  slides, 
one  finds  that  after  50  days  in  orbit  those  cells  have  degraded  by  29.  7  per¬ 
cent.  Had  the  radiation  intensity  remained  constant,  the  cells  under 
question  would  have  degraded  by  46.  4  percent  at  the  end  of  500  days.  How¬ 
ever,  the  cells  degraded  by  44.  6  percent  during  that  period.  By  the  same 
analysis,  the  P-on-N  solar  cells  with  20 -mil  quartz  cover  slides  degraded 
34.  8  percent  at  the  end  of  500  days  while  they  would  have  degraded  by  36.  5 
percent  in  the  same  period  had  the  intensity  level  not  decreased. 

An  interesting  comparison  of  the  effects  of  radiation  environment 
is  given  in  Fig.  5.  The  P-on-N  solar  cells  with  6 -mil  glass  covers  on 
ANNA  I-B  had  experienced  1  mev  radiation  flux  equivalent  to  850  G  elec- 
trons/cm^/day  during  the  first  500  days  in  orbit  while  the  equivalent  ex¬ 
perimental  solar  cells  on  satellite  1963 -38C  had  experienced  an  equivalent 
1  mev  radiation  flux  of  only  44  G  electrons /cm  /day,  a  factor  of  19.  3  lower. 
This  is  explained  by  the  factthalANNA  I-B  was  launched  while  the  radiation 
intensity  was  higher  than  when  the  satellite  1963 -38C  was  launched. 

Figure  4  shows  that  heavy  cover  slides  may  not,  in  themselves, 
be  the  solution  to  the  problem  of  solar  cell  degradation  in  the  radiation 
environment.  The  N-on-P  solar  cell  with  125-mil  quartz  cover  window, 
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curve  D,  degraded  by  10.5  percent  in  500  days  while  the  N-on-P  solar 
cells  with  6 -mil  glass  degraded  by  only  8  percent  in  the  same  time.  This 
difference  is  attributed  to  discoloration  of  the  thick  cover  slide. 

To  determine  the  power -to -weight-ratio  of  a  solar  array  after  one 
year  in  an  orbit  similar  to  that  of  the  1963 -38C  satellite,  one  must  consider 
the  number  of  solar  cells  required  to  deliver  the  required  power  after  one 
year  and  the  cover  slide  thickness  to  be  used.  Thus,  if  n  solar  cells 
with  6 -mil  glass  covers  are  required,  reference  to  curves  C,  B,  and  A  of 
Fig.  4  shows  that  0.  92  n  cells  with  20 -mil  quartz  covers  or  0.  69  n  cells 
with  30 -mil  sapphire  will  be  required  to  deliver  the  same  power  after  one 
year.  However,  when  one  considers  the  relative  mass  of  cover  slides 
compared  to  the  weight  of  ( 15 -mil-thick)  solar  cells,  the  power -to -weight- 
ratio  is  significantly  increased  by  using  6 -mil  cover  slides.  To  use 
Figs.  3  and  4  for  power  systems  analysis  one  must  assume  operation  to¬ 
ward  the  short-circuit  side  of  the  solar  array  IV  curve. 
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IV.  CONCLUSIONS 

A  review  of  the  data  analysis  presented  above  indicates  that  the 
damage  to  solar  cells  in  a  1, 000  km  orbit  during  the  early  months  after 
Operation  Starfish  may  not  necessarily  have  been  mostly  a  result  of  fis¬ 
sion  spectrum  electrons.  Although  many  energetic  electrons  were  intro¬ 
duced  into  the  inner  belt,  it  is  concluded  that  some  high  energy  (>  4.  5  mev) 
protons  were  redistributed  to  altitudes  including  1,  000  km.  The  results 
of  flight  experiments  indicate  optimum  power -to-weight -ratio  for  a  solar 
cell  power  supply  and  one  year  life  expectancy  may  be  obtained  by  use  of 
N-on-P  solar  cells  with  6 -mil  glass  covers.  By  projection  of  curve  C, 

Fig.  4,  one  may  predict  the  degradation  of  optimum  solar  power  supply 
for  several  years  in  a  1,  000  km  polar  orbit.  Thus,  the  optimum  power- 
to-weight-design  should  degrade  by  7  percent  in  one  year  and  by  11  percent 
in  three  years.  Orbital  data  obtained  thus  far  indicate  high  reliability 
(against  radiation  damage)  electronic  circuits  may  be  designed  for  opera¬ 
tion  in  the  radiation  belts  by  use  of  th/'  2N2907-A  transistors  with  mini¬ 
mal  shielding  or  by  use  of  2N258d  and  2N2222  transistors  with  0.  60 
gram /cm  of  shielding. 
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satellites.  Data  obtained  from  these  satellites  cover  a  time  period  both  before 
and  after  Operation  Starfish  on  July  9,  1962.  Subsequently  the^Applied~Phystcr5~- 
LaboratOYy-has-flown  solar  cell  and  electronic  experiments. oh  Satellites  1962- 
Arjj,  ANNA  I-B,  1963-  38C,  and  1964-83C.  The  data  indicate  that  the  damage  to 
solar  cells  in  a  1000  km  orbit  during  the  early  months  after  Operation  Starfish 
may  not  have  been  mostly  a  result  of  fission  spectrum  electrons.  Although  many 
energetic  electrons  were  introduced  into  the  inner  belt,  it  is  indicated  that  some 
high  energy  (>4.5  mev)  protons  were  redistributed  to  altitudes  including  1000  km. 
The  results  of  flight  experiments  indicate  that  optimum  power-to-weight  ratio 
solar  arrays  will  be  obtained  by  use  of  N-on-P  solar  cells  wi‘h  6  mil  glass  covers. 
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